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AND YASUO INOUE* 


(*From the Department of Pphysiology, Faculty of Medicine, Kyoto University, 
Kyoto, and **the Department of Botany, Faculty of Science, 
Kyoto University, Kyoto) 


(Received for publication, September 5, 1956) 


Methods for the fractionation and analysis of serum protein have 
been reported by many investigators. These methods can be classified 
into following four groups according to the physicochemical mechanism 
involved, namely, method using difference in solubility, electrophoretic 
method and electrophoresis convection method, ultracentrifugal method, 
and chromatcgraphic method. Recently, methods of subfractionation 
of serum protein such as Cohn’s alcohol fractionation (J, 2) method, 
Derrien’s method (3, 4), Sober’s chromatographic method (5), 
Kirkwood?’s electrophoresis convection method (6, 7), and improved 
electrophoretic method (8, 9), have been reported. 

It is well known that serum proteins are precipitated by the addi- 
tion of neutral salts, such as ammonium sulfate (/0), sodium sulfate. 
With the use of these phenomena, the present authors have tried to devise 
a convenient method by which continuous observation can be carried 
out. For this purpose, the authors have investigated the differential 
salting-out of protein by using ammonium sulfate as a precipitant and 
devised a convenient turbidometric analysis of protein mixture (JJ, 
12). Let him be called, “‘ turbidometric titration.” Even in the case 
of volume of serum as small as 0.5 ml., the turbidometric titration of 
human-serum was easily established. 

The authors first obtained twelve components (J3) for the human- 
Semm-protein, say, a’, a,b, ¢, ... hi, j,k. The twelve components 
were classified into four groups, say globulin I (a’, a, b, c), globulin II 
(d, e), globulin IIT (f, g) and albumin (h, i, j, k). The turbidometric 
diagram of those four groups exactly resembles the familiar electro- 
phoretic ones. Furthermore, the authors (/4, 15) obtained twenty 
components for rabbit-serum-protein, five components for human- 
serum-albumin, and so on for many others. 
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EXPERIMENTAL 


The apparatus essentially consists of a glass-cell with the capacity of 40 ml., fitted be 
with stirrer rotating at 100 r.p.m., and a burett above the surface, through which the 
saturated ammonium sulfate solution drops into the protein solution. The beam of 
light passing through the cell is received by a photocell of an electrophotometer. 

It is desirable that the cell of the electrophotometer be equipped with a thermostate. 
But this can be omitted when ammonium sulfate solution as a precipitant, as we did, 
because the salt does not precipitate under room temperature. 


A. General Method 


First, serum is diluted with 1 per cent NaCl solution from ten-fold to twenty-fold. 
An accurately measured volume of the diluted solution is put into the glass-cell. Satur- 
ated ammonium sulfate solution (precipitant) is added from microburett to 16.00 ml. 
protein solution under constant stirring. After adequate interval, the stirrer is stopped 
and the turbidity of solution is measured. And then, the above mentioned procedures 
are repeated. In each stage of titration, an adequate interval is required before the 
true turbidity of solution is obtained. 

After completion of titration, the concentration of salted-out protein in every step 
is calculated by the help of the Lambert-Beer’s equation (//, 12, 13, 16), namely 
equation (1): 


In I,/I=kS (1) 


where J, and J are intensities of transmited beam through solvent and protein sus- 
pension respectively, k is a proportional constant and S stands for the concentration of 
the salted-out protein. Since the already precipitated protein is continuously diluted 
with the addition of precipitant, it is necessary to correct S to some fixed value. It is, 
however, easy to obtain its corrected value T, if one uses the following equation: 
OLE 
Sx paT (2) 

where V,, is the original volume of the protein solution and V; is the volume in each 
step of the titration. And then, the difference between T before and after each titration, 
AT/AC, is plotted against the concentration of ammonium sulfate, as shown in Figs. 
1, 2, ... , and these figures are called ‘‘ turbidometric diagram ”’ by authors. 

The Protein-content—The initial protein content should be kept low (0.3, 0.6 per 
cent in the case of serum protein) for the following reasons. 

(1) The equation (1) is applicable only to a limited concentration range of 
protein. 

(2) In every step of titration, a relatively long interval is necessary to reach the 
true turbidity of solution but this can be shortened by decreasing protein content. 

The NaCl-content—(1) At the same protein level, though salted-out protein in- 
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creases according to the concentration of ammonium sulfate, the turbidity of the solution 
is not proportional to the salted-out protein; namely, the turbidity increases until a 
certain value and then make a decreasing curve. Though this phenomenon was a 
disturbance in turbidometric titration, it was excluded to some extent by decreasing 
the concentration of protein and almost completely by addition of a small amount of 
Cl-, namely 1 per cent NaCl. Therefore, 1 per cent NaCl solution is used as solvent 
for protein. This improvement is very important to the turbidometric titration. 

The turbidometric titration of synthetic polymers has recently been investigated 
by D.R. Morey et al. (16, 17), I. Harris et al. (18), A.S. Dunn et al. (19) and 
H.W. Melville (20). They have excluded this difficulty by decreasing the concen- 
tration of high polymer. 


B. Specific Method to obtain Finer Turbidometric Diagram 


When the turbidometric titration is limited to a particular protein fraction, such 
as y-globulin, the serum is dissolved in a 25 per cent ammonium sulfate solution and is 
titrated with 75 per cent ammonium sulfate solution. Then, more refined results are 
obtained. Example of such curve is shown in Fig. 7. 


C. Specific Method to establish the Turbidometric Titration 
in the Case of Lower Protein-content 


In the case of lower protein-concentration, the protein solution is salted-out by 
ammonium sulfate and is centrifuged to concentrate the salted-out protein. ‘The 
precipitates are pippeted out, diluted to optimal protein concentration with 1 per 
cent NaCl solution and then titrated with ammonium sulfate solution of an arbitary 
concentration. Hence, specific concentrating methods, such as freezing-drying or 
ultrafiltration, are not necessary. 


RESULTS 


The results of human-serum-protein are shown in Figs. 1 and 2. 
where the way of obtaining serum is different. The human-serum- 
protein was fractionated into twelve components, say, a’, a, b, c,.. . 
i, j, k, as shown in Figs. 1 and 2. These diagrams are similar to those 
of Derrien and Steyns-Parvé. It was found that the diagrams 
of the human-serum-albumin vary according to the way of obtaining 
serum as shown in Figs. 1 and 2. 

The reproducibility of the turbidometric diagram turned out quite 
satisfactory as shown in Figs. 3 A and 3 B, where the material was the 
human-serum-protein. It is clear from these diagrams that peaks are 
not caused by experimental errors. 
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When the difference quotient is evaluated, 4 C' is taken on a larger 
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scale than in previous one in order to classify these refined components. 
Then, human-serum-protein was classified into four-groups, say, serum- 
globulin I, II, III, serum-albumin, as shown in Fig. 2-B. Thus, the 
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of human-serum-protein. 


The turbidometric diagram 
The abscissa 
and the ordinate show the volume frac- 


tion, C, of saturated ammonium sulfate 
solution and 4T/AC, respectively, where 
T is the relative amount of salted-out 
protein. Experimental conditions were as 
follows: protein concentration 0.5 per 
cent, pH 6.3 at 30 per cent saturation 


and 5.9 at 70 per cent saturation. 


twelve components are classified into four groups, say, globulin I (a 


Alb. 


Fic. 2. The turbidometric dia- 
Abate 
diagram (A) and (B) show the twelve 
components and four groups of human- 


gram of human-serum-protein. 


serum-protein, respectively. Diagram 
(B) is made by smoothing out dia- 
gram (A), ie., taking larger AC, in 
(B) than in (A) by a certain amount 
so as to give four groups instead of 
twelve. Experimental conditions were 
as follows: protein concentration 0.5 
per cent, pH 6.3 at 30 per cent satu- 
ration and 5.9 at 70 per cent satura- 
tion. 


/ 
3 


a, b, c), globulin II (d, e), globulin III (f. g), albumin (h, i, j, k). 


Making some technical improvement on the first experiment, rabbit- 
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serum-protein was fractionated into about twenty components as shown 
in Fig. 4; human-serum-albumin into five components, say, h, i, jy, jy, 
k, as shown in Fig. 5; human-globulin I into seven components, say, 
a’, a1, ag, by, by, cy, Cg, as shown in Fig. 7. 

When the turbidometric titration is limited to the particular protein 
fraction such as globulin—I, the more refined diagram was obtained 


by 
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Fic. 3A. The turbidometric diagram Fic. 3 B. The turbidometric 
of human-serum-protein. Experimental con- diagram of human-serum-y-globulin. 
ditions were as follows: protein concentra- Experimental conditions were as fol- 
tion 0.6 per cent, pH 6.3 at 30 per cent sa- lows: protein concentration 0.20 per 


turation and 5.9 at 70 per cent saturation. cent, ph 0:30: 


easily by the above mentioned method (B). Namely, the rabbit- 
serum-protein is dissolved in 25 per cent saturated ammonium sulfate 
solution and then titrated with 75 per cent saturated ammonium sulfate 
solution. Both the ammonium sulfate solutions are diluted with use 
of 1 per cent NaCl solution. These results are shown in Fig. 7. 
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The turbidometric titration of the lower protein-content is easily 
established by the help of method (C). The turbidometric diagram 
obtained by this method is entirely similar to Fig. 7 and is shown in 
Fig. 8. 


AL 
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OZ 
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0.6 0.7 0.6 0.7 
Fic. 4. The turbidometric diagram of Fic. 5. The turbidometric dia- 
pathological rabbit-serum-protein. Experi- gram of human-serum-albumin. Ex- 
mental conditions were as follows: protein perimental conditions were as follows: 
concentration 0.35 per cent, pH 6.3 at 30 protein concentration (albumin-+glo- 


per cent saturation and 5.9 at 70 per cent bulins) 0.6 per cent, pH 5.9. 
saturation. 


DISCUSSIONS 


The authors’ experimental method and results were explained 
briefly in the last two sections. In this section, the authors’ method 
will first be made comparison with other methods, and then merits and 
demerits of the authors’ method will be discussed. 

The refined fractions of serum-protein were obtained by the improv- 
ed electrophoretic method, namely Kirkwood’s electrophoresis con- 
vection (6, 7) and Seifers method (¢, 9). A. Sciterlancura |: 
Corey (8, 9) observed the subfraction of human-serum-albumin, 
electrophoretically. The essential point of their method is to electro- 
phorate the so called electrophoretically purified serum albumin at a 
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lower ionic strength. Then, serum-albumin was fractionated into three 
or four components. However, this method is more complicated than the 
authors’ one in which purification is not necessary. Though electro- 
phoretic method has been commonly used and has brought great ad- 
vances in protein chemistry, it will be difficult to fractionate finely the 
serum-protein by the ordinary electrophoresis except for Seifer’s method, 
since the concentration gradient of protein formed by applied electric 
field would be decreased by the diffusion of the protein. 


X 
iS 
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0.3 0.4 0.5 0.3 0.4 


Fic. 6. The turbido- Fic. 7. The turbido- Fic. 8. The turbido- 
metric diagram of human- metric diagram of rabbit- metric diagram of rabbit- 
serum-globulin I. Experi- serum-globulin I (Method serum-globulin I (Method 
mental conditions were as_ B). C). 
follows: protein concentra- 
tion (albumin-+ globulins) 

0.6 per cent, pH 6.3. 


In the case of using the difference in solubility or chromatographic 
method, the above mentioned factor does not decrease the fineness of 
results. Therefore, the methods using the difference in solubility is 
more conducive to fine results. Derrien (3) and Steyn-Parvé 
(4) obtained refined fractions of serum-protein with the use of salting- 
out and by Kjeldahl’s nitrogen analysis. The authors’ turbido- 
metric diagrams are very similar to Derrien’s results. Fig. 2-B con- 
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forms to the results obtained by Amirkhanova et al. (21) with the 
use of the salting-out and the centrifugal separation of salted out protein. 
The subfractionation of serum-protein could probably be obtained by 
S. N. Amirkhanova’s method in the case of small quantity of serum. 
Cohn et al. (1, 2) investigated the fine fractionation of serum-protein 
controlling the four variables, namely pH, ionic strength, dielectric 
constant and temperature, and obtained very fine results. A number 
of Cohn’s fractions are similar to authors’ but it should be noted that 
there is no one-to-one correspondence between them. H.A. Sober 
et al. (5) obtained fine fraction of serum protein by making use of 
chromatographic method. 

The authors’ method has the following merits and demerits. 

(1) The number of protein fractions obtained by the authors’ 
method is larger than those by electrophoretic and ultracentrifugal 
method. 

(2) The standard deviation of the Gaussian distribution func- 
tion, N (m, a), of the turbidometric diagram is more easily obtained 
by our method as compared with that of electrophoresis. 

(3) Compared with other methods using the difference in solu- 
bility, the quantity of protein which is necessary for the authors’ method 
is smaller than for them. And, it might be decreased by making further 
improvements on authors’ apparatus. 

(4) Compared with other method, such as Derrien’s method, 
Kirkwood’s electrophoresis convection method and H. A. Sober’s 
chromatographic method, our procedure is not time consuming. 

(5) Even in the case of lower concentration of protein, the turbi- 
dometric titration is easily established as compared with the electro- 
phoretic method, since in the latter, freezing-drying or ultrafiltration is 
necessary to concentrate the protein. 

(6) The apparatus is not costly and can be made easily. 

As stated above, the authors’ method has many merits. However, 
the following problems must be deservedly improved, that is, although 
the authors assumed that the constant k in equation (1) is equal in all 
of the protein-fraction, the k will not probably be constant. And also, 
the following fundamental experiments must be established. 

(1) An effect of pH on the turbidometric diagram. (In this re- 
port, pH changed as follows ; 6.3 at 30 per cent saturation, and 6.0 at 
75 per cent saturation.) 

(2) An effect of temperature on the turbidometric diagram. 
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(3) An effect of various anions of buffer on the turbidometric 
diagram. 

(4) Whether or no every peak in the turbidometric diagram 
represents the real protein-fraction. 

(5) The relation between electrophoretic and turbidometric dia- 
grams. 


SUMMARY 


A very sensitive method for fractionating the serum-protein was 
investigated and called turbidometric titration by the authors. The 
conclusions obtained were as follows : 

1. The essential point of this method lies in making use of turbi- 
dometric analysis combined with salting-out. Ammonium sulfate so- 
lution is used as a precipitant and | per cent NaCl solution as solvent for 
serum. Authors found that the concentration of the protein should 
be kept low and the protein-solution should contain NaCl, these being 
necessary to achieve reliable results. 

2. The human-serum-protein was fractionated into twelve compo- 
nents, say, serum albumin (h, i, j, k), serum-globulin IIT (f, g), serum- 
globulin II (d, e), and serum-globulin I (a’, a, b, c). Making some 
improvements on the first experiments, it was found that human-serum- 
albumin is fractured into five components (h, 1, jy, jg, k), human-serum- 
globulin I into seven components (a’, a;, a2, by, be, Cy, Cy) and rabbit- 
serum-globulin I into eight components. 

3. Even in the case of low protein content, the turbidometric 
titration was performed easily without specific concentrating methods 
such as freezing-drying or ultrafiltration. 


The authors were indebted to Professor Kyugo Sasagawa (Department of 
Physiology, Faculty of Medicine, Kyoto University, Kyoto) and Professor Shiro Kita- 
mura (Department of Botany, Faculty of Science, Kyoto University, Kyoto). And 
also the authors wish to thank Professor Tsunenobu Yamamoto, Dr. Misazo 
Yamamoto (Department of Quantum-Chemistry, Faculty of Science, Kyoto Uni- 
versity, Kyoto) and Dr. Sohei Kondo (Department of Induced Mutation, Institute 
of Genetics, Mishima), Assistant Professor Hiroshi Inagaki (Institute of Chemistry, 
Kyoto University, Takatsuki) and Dr. Fumio Sawada (Department of Chemistry, 
Tokyo University, Tokyo) for their excellent advices. 
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SPECTROSCOPIC STUDIES ON CHLOROPHYLL 
FORMATION IN INTACT: LEAVES 


By KAZUO SHIBATA* 


(From the Department of Plant Biology, Carnegie Institution of 
Washington, Stanford, California) 


(Received for publication, October 23, 1956) 


Recently, Smith and co-workers (/, 2, 3) have extracted pro- 
tochlorophyll a in what appears to be its natural state, and Smith 
and Kupke (4) have since identified the extracted protochlorophyll 
activity with a homogeneous appearing fraction in the ultracentrifuge. 
They have tentatively referred to these active particles as protochloro- 
phyll a@ holochrome (5). The extracted protochlorophyll had absorp- 
tion maxima between 635 and 650 my, approaching the longer wavelength 
when the preparations were most active. By light, the protochloro- 
phyll in these extracts was transformed into chlorophyll a, which had 
an initial absorption maximum near 680my. They also observed a 
progressive shift of the newly formed chlorophyll ¢ band from 680 mu 
to 672 mu, when the sample was kept in the dark at room temperature 
for 3 hours (3). Active extracts of protochlorophyll have recently been 
reported also by Krasnovskii and Kosobutskaya (6), although 
their medium for extraction was different from that used by Smith 
et al. According to Krasnovskii ¢ al., a colloidal solution of proto- 
chlorophyll a in its natural state has an absorption band at 635 mu, 
and it is transformed into chlorophyll a, which has an absorption peak 
at 670 my. After the etiolated leaf has been illuminated for some hours, 
the absorption band of the colloidal extract shifts to longer wave- 
lengths, 677-678 mu. Krasnovskii et al. attributed the shift to the 
change from a monomeric form of chlorophyll a to the colloidally ag- 
gregaged form. While the protochlorophyll a holochrome system iso- 
lated by both groups of scientists can be transformed rather efficiently, 
the direction of the wavelength shift of the chlorophyll a band with time 
is different. Furthermore, the bands of both protochlorophyll a and 
the initially formed chlorophyll a are found at different positions by 


* Address after August 15, 1956: Tokugawa Institute for Biological Research, 
Tokyo, Japan; Waseda University Tokyo. 
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these groups, as they should not be, if both of the samples are in the 
same natural state. If we wish to consider the naturally occurring 
process, it is desirable to examine intact materials rather than extracts 
thereof. 

The difficulties, that have, thus far, prevented observation of the 
absorption spectra of protochlorophyll in intact leaves, have been the 
low pigment content and the light scattering of the leaf. The light 
scattering, particularly, obscures the true absorption spectrum of the 
leaf. Shibata, Benson and Calvin (8) have now developed 
a new method for obtaining clear absorption spectra of translucent, 
light scattering materials by use of opal glass. This method was used 
in this study, to observe the absorption spectra of intact etiolated leaves 
and the changes in these spectra when the protochlorophyll in the leaves 
was changed to chlorophyll by illumination. As will be shown later, 
the observations of the absorption spectra of etiolated leaves and their 
changes by illumination not only answered the questions about the po- 
sitions of the maxima of protochlorophyll and chlorophyll a derived 
therefrom in the intact leaf, but also revealed that native chlorophyll 
initially formed from protochlorophyll undergoes several changes before 
reaching its final state. 

We propose to designate the various protochlorophyll and chloro- 
phyll found in vivo by the appropriate position of the major absorption 
peak. This system was introduced by Duysens (7) for the various 
bacteriochlorophyll found in vivo. In this system, the letter designates 
the compound found on extraction ; P=protochlorophyll, G=chloro- 
phyll @ and the number refers to the red peak position of the zn vivo 
complex. But as will be explained later, there are three kinds of chloro- 
phyll-a-like substances involved in the course of the formation of chloro- 
phyll a. The identification of those compounds as chlorophyll a was 
carried out only by the red peak in vitro. Therefore, in the case of the 
usage of C as “ chlorophyll a’’, it means the substance very similar to 
chlorophyll a, but it could be slightly different in the state or chemically 
from chlorophyll a in vitro. 


METHOD 


The observations were carried out with a Beckman DK-2 recording spectrophoto- 
meter. Etiolated leaves were sandwiched in the dark, between a sheet of opal and 
a sheet of transparent glass, and were placed in the compartment of the spectrophoto- 
meter. The same two kinds of glass without the sample were used for the reference 
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light beam (8). From one to three superimposed leaves were used for the observations 
of the absorption spectra, depending on the spectral range and the purpose of the ex- 


periment. The intensity of the measuring beam was too weak to transform proto- 
chlorophyll a. 


As will be shown later, the etiolated leaves have high absorption bands in the 
Soret region. For the observation of these bands, the reference beam was partly 
masked with black tape in order to keep the recorder scale in the range between 0 
and | absorbance units. In other words, the zero point was shifted down by masking 
the reference beam instead of using the electrical scale shifting device in the spectro- 
photometer. This method reduces the noise and provides a broader proportional 
range of absorbance than does the electrical device. In this way, we can observe 
absolute absorbance values of greater 2. 

In this study, the changes in the absorption spectra are more important than are 
the absolute values of the absorbance. To observe small changes, the signal in ab- 
sorbance units from the spectrophotometer was electronically amplified to as much 
as twice the original signal. In order to observe large changes or a broader range of 
the spectrum, the signal was reduced to one half. 

By varying the number of layers of leaves, the amplification of the signals, and 
zero level shift, it was possible to make the changes of the leaf spectra cover the full 
range of the recorder scale, independently of the absolute height of the spectrum. 
The spectra shown in this report, except for those in Figs. 1 and 2 are not expressed in 
absolute units of absorbance. The deviation from the absolute value caused by am- 
plification of the signals was roughly corrected, but the shifting of the zero point was 
not corrected, so that the value of absorbance shown beyond Fig. 2 is the absolute 
value of absorbance minus a constant for each figure. 

In the Soret region, where the absorption curve rises steeply, the change of the 
spectra caused by illumination of the leaf was difficult to estimate by direct obser- 
vation of the absorption spectra. In such cases, the difference in the absorption spec- 
trum of the illuminated and unilluminated leaves (difference spectra) was recorded in- 
stead of the absorption spectrum itself. ‘This permits the observation of the spectrum 
in the entire visible region in a short period without masking the reference beam, 
although the results are more difficult to interpret than the usual absorption spectra. 
Two sheets of leaves were sandwiched between two transparent glasses for each beam 
for the observation of difference spectra. Jn this case, opal glass was not necessary. 
This is because one of the two sheets of leaves acts as an effective diffuser of light much 
as would a sheet of opal glass. We can use a narrower slit width in this way than with 
an additional sheet of opal glass. This system is, of course, used only with highly 
diffusing materials such as two sheets of bean leaves in both the sample and reference 


beams. 
In this study, etiolated leaves of Phaseolus vulgaris var. Ferry-Morse’s Pol 


bean No. 191 were mostly used. A few experiments with etiolated Zea Mays (corn) 
leaves are also reported. The leaves came out of the cotyledons about a week after 
planting. The leaves were picked in the darkroom with the aid of a green light, which 
is weak enough not to transform protochlorophyll a into chlorophyll a. For a few 
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days after the leaves come out of the cotyledons, they are soft and slippery on the 
surface. During the next few days, they become larger and crisper. Further cultur- 
ing in the dark makes the leaves fragile so that they can easily be torn along the 
midrib. Leaves in these stages of development were designated as young, normal, 
and old leaves, respectively. 

The sample was illuminated inside the compartment of the spectrophotometer by 
a 150W incandescent lamp as a white light source. The position of the lamp was 
adjusted to obtain either 1000 foot-candles or 300 foot-candles on the surface of the 
sample. The illumination by monochromatic light of 650 mp was carried out in a 
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Fic. 1. Absorption spectra of etiolated leaves in the visible region. 
Each curve represents the spectrum of a single leaf. Curves A and B, 
young etiolated bean leaf: Curve C, etiolated corn leaf. 


darkroom by the light from a 1000 W tungsten lamp, which then passed through a 
large grating monochromator which was built by French (9). Corning filter No. 
2403 was set in front of the sample to eliminate the stray light from the monochro- 
mator. The half band-width of the monochromatic beams was 10 mp. 


RESULTS AND DISCUSSION - 
I. The Absorption Spectra of Etiolated Leaves 


In Fig. 1, absorption spectra of a single layer of etiolated leaves 
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for the whole visible region are shown. Curves A and B are the spectra 
of young etiolated bean leaves from different cultures, and curve C is 
the spectrum of an etiolated corn leaf. Absorbance is expressed in 
absolute units. We can see a great difference in the height of the spectra 
even in the young bean leaves (curves A and B), but the positions of the 
absorption maxima are the same. The amount of the pigments per 
unit area in the corn leaf is about half that in the bean leaves. In 
the Soret region, there are three high absorption bands at 481, 449 and 
425 mu with a lower band at 400 my. From the shape of the three 
high peaks, they appear to be due to absorption by carotenoids. How- 
ever, from the experiments shown later, the Soret band of protochloro- 
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Fic. 2. Absorption spectra of etiolated leaves in the red region. 
Each curve represents the spectrum of two superimposed leaves. Curve 
A, young etiolated bean leaves: Cuve B, old etiolated bean leaves: 
Curve C, bleached old etiolated bean leaves. 


phyll a, P 650, was found to be at 445my. Therefore, the second 
band at 449 mw is probably due to the presence of both protochlorophyl! 
a and carotenoids. 

To see the spectrum in the red region more clearly, two layers of 
young etiolated bean leaves were observed in the region between 530 
and 750 my (curve A in Fig. 2). The spectrum shows a sharp peak 
at 650 my with low bands at 590 and 555 my. The position of 650 mu 
agrees with tle value that Smith e¢ al. (3) have observed, but does not 
agree with the value of 635 mu obtained by Krasnovskii ¢¢ al. (6). 
It does agree with the position, 650 my, which Koski, French and 
Smith (0) have observed in the action spectrum for the transformation 
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of protochlorophyll a to chlorophyll a, although Schmidt (//) gave 
the value of 640 mw and Frank (12) gave the value of 654 my in their 
action spectra. According to Koski et al. (10), the action spectrum 
has low peaks at 593 and 550 mw beside this red band and the high 
Soret peak at 445 my. These low bands also agree fairly well with our 
data; 590 and 555 muy. 

The data with young etiolated leaves seem to be consistent with 
the data, that have been published so far. The spectrum of old 
etiolated bean leaves is more complicated; namely, the spectrum 
(curve B in Fig. 2) shows a double peak slightly below 650 my in place 
of a single peak at 650 my as observed in young etiolated leaves, and the 
position of one of the low bands is 582 my instead of 590 my. From 
the comparison of curves A and B, it is likely that there is another band 
which is predominant in old leaves and has an absorption band around 
635 my. The position of this peak was more accurately measured in 
the following way. Old etiolated leaves were heated in water at 60° 
for a few minutes in the dark, and then illuminated with strong light 
(1000 foot-candles) for 10 minutes. Curve C in Fig. 2 shows the 
resultant spectrum, which has bands at 636, 580 and 555mu. ‘This 
treatment caused the band at 650 my and the chlorophyll a band formed 
from protochlorophyll a to disappear. Only the band in question at 
636 mu remained as a high peak. From these results, it is clear that 
in old etiolated leaves there are two components with main absorption 
bands at 650 and 636 my, respectively. They are designated P 650 
and P 636. ‘The shape of the peak at 650 my of curve A indicates that 
even the young leaves may contain a small amount of the P 636 com- 
ponent. 

A problem arises as to which bands are due to protochlorophyll a. 
From the action spectra referred to above, it is almost certain that the 
band at 650 my is due to protochlorophyll a, and the experiment, 
which is shown in Fig. 3, more clearly supports this interpretation. Curve 
A in Fig. 3 is the spectrum of two old etiolated bean leaves. This sample 
was subjected to successive illumination with white light of 300 foot- 
candles. We can observe the reduction of the band only at the longer 
wavelength side of the double peak near 650 my with the formation of 
a peak near 680 my. Therefore, only the component, that has an 
absorption band at 650 muy, is transformed. ‘This means that the band 
at 636 my is not due to active protochlorophyll a. Since the culturing | 
in the dark especially for a long time is not the natural process, this 
component could be due to protochlorophyll a inactivated by the 
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artificial conditions. In this connection, Kupke (16) has observed 
that protochlorophyll extracts that have become inactive show that 
a shift in the absorption maximum to shorter wavelengths of 630-635 
my has occurred (personal communication). The position of the proto- 
chlorophyll maximum in extracts relative to 650 my is indicative of the 
proportion of active protochlorophyll therein. 

In the experiments on the phototransformation of protocholrophyll 
to chlorophyll in the living dark-grown leaf, Smith, Benitz, Koski 
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Fic. 3. Effect of successive illumination periods on the spectrum 
of old etiolated bean leaves. Curve A, two superimposed old etiolated 
bean leaves before illumination: Curve B, C, D and E, after 0.5, 1.0, 
2.5 and 12.0 minutes total illumination, respectively. 


-_5 


and Virgin (/3, 14, 15) have always found that the organic-solvent 
extracts of the illuminated leaves contained residual protochlorophyll. 
This residuum persisted regardless of the period of illumination. The 
experiments reported in this paper provide an adequate explanation for 
this observation. They demonstrate that etiolated leaves contain two 
protochlorophyll holochromes, distinguishable by spectrophotometric 
measurements. One of them is readily transformed by light to chloro- 
phyll; the other is not. It is undoubtedly the latter that accounts for 
the residual protochlorophyll in the leaf extracts examined by Smith 
and his co-workers. 
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2. The Changes of Etiolated Leaf Spectra in the Red 
Region due to Illumination by White Light 


As was shown above, there are some differences between the spectra 
of young and old etiolated leaves. The differences are more easily 
seen by examining the changes of absorption spectra caused by illumi- 
nation. In young etiolated leaves, the reaction is much faster than in 
old leaves. In old etiolated leaves, all reactions proceed so slowly that 
some of them can hardly be observed. Therefore, young and normal 
leaves were chosen in order to see the various steps in the formation of 
chlorophyll. The experiments were carried out by following the changes 
of the absorption spectra in the dark after a short illumination by strong 
light (1000 foot-candles) from an incandescent lamp. In this section, 
the changes of the spectra in the red region are described. 

The results obtained with two layers of normal etiolated bean 
leaves are shown in Figs. 4 and 5. Curve A in Fig. 4 is the spectrum 
of the original leaves. After illumination for | minute, the protochloro- 
phyll @ band at 650 mu disappeared and a band at 684 my appeared 
(curve B). To simplify the further explanation, this rapid photochemical 


change is designated as the first step, P 650 He. C 684. 


This illuminated sample was then kept in the dark in the spectro- 
photometer and the successive dark reactions were followed by measuring 
its absorption spectrum at intervals. Curves B to G in Fig. 4 show that 
the band at 684 my, which was formed immediately on illumination, 
slowly decreased in the dark and a band at 673 mu appeared during a 
14 minutes period. In this period, a marked isobestic point was observed 
at 680+1myu. The sharp isobestic point indicates that this process 
is the transformation from a single compound to another single com- 


pound. ‘This transformation in the dark from the 684 to the 673 my 


peak is called the second step, C684 “5 © 673. 


The further changes of the spectrum of this sample in the dark are 
shown in Fig. 5, in which curve G of Fig. 4 is reproduced. Between 
14 and 36 minutes (curve G to I), there was an increase of absorption 
over the whole range, but the peak at 673 my stayed at the same position. 
The changes in this period are probably due to the overlapping of the 
second step and the follow-up step shown in the next. 

After 36 minutes (curves I to K in Fig. 5), different kinds of changes 
are more clearly evident. We can see the great increase near 650 


mu caused by the formation of protochlorophyll a, Precurser be 
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P650. At the same time, the peak at 673 my has gradually shifted to 
the longer wavelength of 677 mw after 106 minutes, which agrees with 
the positions of the peak of chlorophyll a in normal green leaves or algae 
at 676-678 mu (8). No isobestic point was observed in this shifting 
process. This shift to 677 my is designated as the third step, C 673 


“C677. Also during this time, protochlorophyll a was formed. 
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Fic. 4. Change of the spectrum of Fic. 5. Further changes of the 

normal etiolated leaves by illumination spectrum of the leaves of Fig. 4 after 

with white light (1 minute, 1000 foot- longer times in the dark. Curves G, 

candles). Curve A, two superimposed H, I, J and K, after 14, 19, 36, 61 and 

normal etiolated leaves before illumination: 106 minutes in the dark after illumi- 


Curves B, C, D, E, F and G, after 0, 3.3, nation. 
6.0, 8.8, 11.5 and 14.0 minutes in the 
dark after illumination, respectively. 


To make sure of the absorption maximum of the photochemically 
produced compound by the first step, the illumination period by the 
1000 foot-candle light was changed. Reducing the period of illumina- 
tion to 10 seconds did not change the position of the 684 my peak, but 
increasing the period above 1 minute made the peak wavelegnth shorter, 
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owing to the overlapping of the first and second steps. 

A pre-illumination experiment similar to that of Figs. 4 and 5 was 
carried out, using three etiolated corn leaves. The same steps shown 
above were also observed in the corn leaves. 

In the next experiment, three young etiolated bean leaves were used 
instead of normal etiolated ones. The experimental conditions were 
the same as that of the experiment shown in Figs. 4 and 5, although 
the measured spectral range was extended to 750myp. The results 
are shown in Figs. 6 and 7. The following differences between the 
reactions in young and normal etiolated leaves were obserevd. 
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Fic. 6. Change of the spectrum of young etiolated leaves by 
illumination with white light (1 minute, 1000 foot-candles). Curve A, 
three superimposed young etiolated leaves before illumination: Curves 
B, GC, D, E, F and G, after 0, 10, 20, 40, 60 and 100 minutes in the 
dark after illumination. 

In young leaves, the second step, C 684 baa 673, was nearly 
complete within 10 minutes (curves B and C in Fig. 6). This rate 
therefore is considerably faster in young leaves than in normal leaves. 
The position of the peak after the second step was 671-672 my instead 


of 673 mu as in normal leaves. After 20 minutes in the dark, the re- 


formation of protochlorophyll a, Precurser seer Saye 650, had already 


started in young leaves (curve D in Fig. 6), and almost ended after 100 
minutes (curve G in Fig. 6). The absorption band of P 650 appeared 
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as a definite peak. The shift of the band at 671-672 my toward longer 
wavelengths took place as before, although the position of the peak 
after 100 minutes was 674 my instead of 677 mu as in normal leaves 
afier the corresponding dark period. It was found from several experi- 
ments with different young leaves that the final position of the band 
varied in the range of 674-676 my and was lower than the 677 mw posi- 
tion in normal leaves. 


Absorbance 


Wavelength in mp 


Fic. 7. Further changes in the spectrum of the leaves of Fig. 6 
after second illumination. Curve G, | minute light +100 minutes 
dark: Curve H, 1 minute light +100 minutes dark +1 minute light: 
Curve I, 1 minute light +100 minutes dark +1 minute light +10 
minutes dark. 


The sample kept 100 minutes in the dark (curve G in Figs. 6 and 7) 
was illuminated again under the same conditions as before. The band 
around 650 my disappeared and the band at 674 my was raised and 
shifted to 677 mu (curve H in Fig. 7), which must be due primarily to 
the overlapping of the newly formed band at 684 my and the band 
already present at 674 my. In the next 10 minutes in the dark, the 
change due to the second step can be observed again (curve I in Fig. 
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7). The further changes in the spectrum appeared to be the same as 
the change after the first illumination, although the bands formed by 
the first illumination obscured the detailed features of the processes. 
The second illumination experiment confirmed that the band built up 
around 650 my in the dark after illumination is due to P 650 and the 
leaves are still biologically active for the formation of chlorophyll. 
Separate experiments showed that both young and normal leaves are 
active for at least 4 hours in the spectrophotometer. ‘There is a funda- 
mental difference between the effects of the first and the second illumi- 
nations, which will be explained later with other data. 

Difference spectra generally do not tell us the exact absorption 
maxima of the bands due to the overlapping of positive and negative 
bands. However, to see the qualitative changes in the dark processes 
more clearly, difference spectra were calculated from some of the data 
for young leaves. Curve A in Fig. 8 was obtained by subtracting curve 
B from curve C in Fig. 6. It has a positive band at 670 my and negative 
bands at 690 mu and 640 my. We can see the change in the first step, 
the transformation of protochlorophyll a to a substance absorbing at 


684 mu, P 650 alee 684, in this spectrum. Curve B in Fig. 8 
represents the second step, the change between 10 and 60 minutes in 
the dark (curve F minus curve C in Fig. 6). The maximum positions 
are 683 and 650 mu, and the minimum position between these positive 
bands is 668 my. In some samples (see curve D in Fig. 10), this mini- 
mum. appears as a negative band. 

From the experiments in this section on both normal and young 


leaves, the following facts are clear: 


(1) First, the compound that is photochemically produced by 
the first step has a definite absorption maximum at 684 mu. To simpli- 
fy further discussion, this compound is designated as C 684. 

(2) In the second step, C 684 is transformed into another com- 
pound, C 673, which has an absorption band at 673 my in normal leaves 
and at 671-672 mu in young leaves. Since we can see an isobestic point 
over a certain period, there must be a single major compound produced 
in this step. The small variation of the absorption maximum of C 673 
in different leaves is probably due to other factors. The subsequent 
processes probably effect the apparent absorption maximum of C 673. 
If the third step and the formation of protochlorophyll proceeds ap- 
preciably before the second step ends, the apparent absorption maximum 
of C 673 will be longer than the true value. 
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(3) The third step is more complicated, since the formation of 
protochlorophyll and the shifting of the band of C 673 are proceeding 
at the same time. The products of this shifting process are designated 
as C677. In this particular case, the name may not yet specify a single 
compound, until we learn more about this compound. The ambiguity 
comes from the lack of an isobestic point. If the lack of a sharp iso- 
bestic point shows that the process is not a single transformation, the 
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Fic. 8. Difference spectra calculated from the curves in Fig. 6. 
Curve A, curve C minus curve B in Fig. 6: Curve B, curve F minus 
curve CG in Fig. 6. 


formation of C677 could possibly be a polymerization process, which 
Krasnovskii eé al. (6) proposed. But, the simultaneous formation 
of protochlorophyll during this process might obscure an isobestic point. 
If this is the case, C677 is a single compound. ‘The variation of the 
maximum of C677 can be explained by the different relative ratio of 
C677 to the P 650, simultaneously being formed and to some C 673, 
being left. A result, which will be explained in the section on second 
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illumination, seems to support the latter point of view. Another question 
remains owing to the absence of an isobestic point; that is whether 
C677 is formed from C673. It could be produced from something 
other than C 673, but, this is less likely, because, in some cases, we 
observed a decrease of the band of C673 during the third step. 

(4) If the absorption band of chlorophyll a in green leaves or 
green algae is not shifted by the overlapping of the other bands, C 677 
should be chlorophyll a in the final natural state, independent of whether 
it is in a single state, or whether it is composed of different states of 
chlorophyll a. We can not yet draw a definite conclusion as to the 
specific nature of C677. 

(5) The contradictory results by Smith et al. (3) and by Kras- 
novskii et al. (6) on the shift of the absorption band in the dark after 
illumination are now easily understandable, if they were observing two 
different processes ; Smith et al. measured the transformation of C 684 
to C 673 by the second step and Krasnovskii e¢al. saw the formation 
of C677 by the third step. 

(6) ‘To avoid the confusion in the discussion of the remaining data, 
the steps shown in this paragraph are summarized in the following 
schemes, in which the absorption maxima in normal leaves are written 
first, and when they are different, the maxima in young leaves follow 
in parentheses. For the formation of C677, two broken lines indicate 
two possible ways of its formation. 


Preparatory Step 


Sao testa 7 ww Protochlorophyll a, P 650 


(During the time that the third step is observable, there is also the formation of 
protochlorophyll a. This process was designated as preparatory step to dis- 
tinguish it from the third step.) 


First Step 
Protochlorophyll a, P 650 igh! C684 


Second Step 
dark 


C 684 —+ C673 (671-672) 
Third Step 
C673, dark 


Final form of chlorophyll 4. C677 (674-676) 
Unknown 7 gark 
compounds 
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3. The Absorption Maxima of Extracted Pigments 


A simple extraction experiment was carried out in order to obtain 
the absorption maxima of C684 and C673. Immediately after the 
illumination of young leaves (1000 foot-candles, 1 minute), one half 
of the sample was ground with ethyl ether and filtered to obtain an 
extract of C684. The other half of the sample was kept in the dark 
for 10 minutes, and was extracted in the same way to obtain an extract 
of C673. The absorption spectra of these extracts were measured in 
the range between 600 and 750 my. Both extracts had an absorption 
maximum at 663 mu, which is identical with the absorption maximum 
as chlorophyll a4, GQ 677 in this solvent. Owing to the overlapping of 
the high absorption by carotenoids, these solutions could not be profit- 
ably investigated in the Soret region. 

This result means that C684 and C673 could be either chloro- 
phyll @ or a compound very similar to chlorophyll @ or a compound, 
that can be easily converted into chlorophyll a in the process of ex- 
traction. Since C684 and C673 have different spectra in the plant 
but in ether are both identical with chlorophyll a, it is probable that the 
change from one to the other is a change im vivo in the nature of the 
combination of chlorophyll a with other substances, presumably protein. 
More extensive studies such as with chromatographic purification will 
be necessary, before we can say with complete confidence that both are 
chlorophyll @ but in different states of combination. 


4. Changes of the Spectra in the Soret Region 
by Illumination with White Light 


The difference spectra over the whole visible region were observed 
to determine the spectrum changes in the Soret region in order to cor- 
relate the changes in this region with those, which have been observed in 
the red region. Two normal etiolated bean leaves were used in both 
the sample and the reference beams. Since we could not obtain identical 
samples for both beams, the difference spectrum obtained with non- 
illuminated samples in both beams did not give us a straight line. This 
deviation from a straight line depends upon slight differences between 
the pigment contents of the two samples. This spectrum was used as 
the zero line for the calculation of the difference spectrum changes. 
After measuring the difference spectrum of the two non-illuminated 
samples, the leaves in the sample beam were illuminated by 1000 foot- 
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candles of white light for 1 minute. After letting the samples stand in 
the dark for certain periods, successive measurements of the spectrum 
were carried out. The results shown in Figs. 9 and 10 were obtained by 
subtracting one spectrum from another. Therefore, the calculated 
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Fic. 9. Difference spectra of two superimposed normal etiolated 
bean leaves in the visible region (illumination: 1 minute, 1000 foot- 
candles, white light). Curve A, thes pectrum (1 minute light) minus 
the spectrum (no illumination): Curve B, the spectrum (1 minute light 
+15 minutes dark) minus the spectrum (1 minute light): Curve C, 
the spectrum (1 minute light +60 minutes dark) minus the spectrum 
(1 minute light). 


spectra in these figures do not include the difference between leaves 
for the sample and the reference beams. They show only the change of 
the spectrum of the leaves in the sample beam. 

Curve A in Fig. 9 indicates the change of the spectra caused by the 
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illumination. The positions of the bands in Figs. 9 and 10 are listed 
in Table I, where maxima or minima refer to peaks or valleys without 
regard to the zero line. Thus, the positions of negative peaks are written 
in the row for minima. The small letters, n and p after the numbers 
indicate whether it is found on the negative or the positive side of the 
zero line. On curve A, the highest positive peak is at 684 my. Its 
position is not shifted by overlapping of the negative band of P 650. 
There are two low positive bands at 575 and 610 my. The minimum 
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Fic. 10. Difference spectra of two superimposed normal etio- 
lated bean leaves in the visible region; the effect of a second illumination 
(1 minute, 1000 foot-candles, white light). Curve A, a reproduction 
of curve A from Fig. 9: Curve D, the spectrum (1 minut light +220 
minutes dark) minus the spectrum (1 minute light +60 minutes dark) : 
Curve E, the effect of a second illumination; the spectrum (1 minute light 
+220 minutes dark +1 minute light) minus the spectrum (1 minute 
light +220 minutes dark). 


position between these bands is 590 my, which must be due to the reduc- 
tion of the second band of protochlorophyll a@ at 590 my. Therefore, 
the existence of two bands at 610 and 575 my appears to be caused by 
a single positive band near 590 my, split into two by the negative band 
of protochlorophyll @ at the same position. This interpretation is 
supported also by the following calculation. The absorption maxima 
of C 684 and C 673 were calculated, assuming that there is a constant 


164 K. SHIBATA 


shift in wavenumber units between the absorption maximum of C 684 
or C673 in vivo and the corresponding maximum of chlorophyll a (G 
677) in ethyl ether. The constant for the shift was calculated on the 
difference between 663 and 684 mu for C684 and 663 to 672 my for 
C673. The result is listed in Table II as 2 cal. From the calculation 
shown in this table, we see evidence for the existence of a third band 


TABLE I 


Maximum and Minimum Positions in the Difference 
Spectra in Figs. 9 and 10 


Fingure 


Leen Wavelength in mp 
ie ; Max. 575'(p), 610 (p), 684 (p) 
Min. 445 (n), 460 (n), 490 (n), 510 (n), 545 (n), 590 (p), 650 (n) 
Max. 414 (p), 440 (p), 572 (n), 616 (n), 670 (p) 
9B and 9C Min’ 428 (p), 458 (n), 480 (n), 560 (n), 597 (n), 632 (n), 690 (n) 
bys Max. 455 (p), 550 (p). 594 (p), 650 (p), 690 (p) 
Min 570 (p), 616 (p), 670 (n) 
ie Max. 580 (p), 616 (p), 690 (p) 
Min. 455 (n), 540 (n), 650 (n) 
TasLe II 


Comparison of Calculated and Observed Absorption 
Maxima of C 684 and C 673 


Chlorophyll a 


in ethyl ether C 684 C 673 
ob. cal. ob. cal. ob. 
663 684 684 672 672 
614 632 632 622 616 
574 590 597 581 Sy? 
431 440 458 435 440 


of C684 at 590 mu, which supports the above interpretation. 

We know another band of protochlorophyll a, P 650, at 555 my 
from Fig. 1. In this difference spectrum, there is a negative band at 
545 mu, which is too large to be the change of the 555 my band of pro- 
tochlorophyll a. It is therefore probably due to the decrease of both 
protochlorophyll and the reduced form of some cytochrome. The posi- 
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tive band at 575 my might shift this 545 my band from its real position. 

The greatest decrease in the Soret region is at 445 mw and there 
are three low negative bands at 460, 490 and 510 mu. The position of 
445 my agrees with the position of the Soret peak in the action spectrum 
in the transformation of protochlorophyll a of K oski et al. (10). There- 
fore, the negative band at 445 my must be due to the decrease of the 
Soret band of protochlorophyll a, P 650. No positive band appeared 
in this region. Possibly, the great decrease of the Soret band of pro- 
tochlorophyll a might overcome the increase of the Soret band of C 684, 
since it is known that the Soret band of protochlorophyll a is very high 
in vitro (10). The position, 440 mu calculated in Table II as the Soret 
band of C 684 also supports the idea that they are overlapping rather 
closely. The heights of three low negative bands varies from sample 
to sample. The significance of the band at 460 my will be discussed 
later. 

Curves B and C in Fig. 9 show the changes of the spectra between 
0 and 15 minutes and between 0 and 60 minutes in the dark after illumi- 
nation, respectively. Curve B represents the changes of the second step, 
while curve C includes changes due to the third step and some pro- 
tochlorophyll formation. As is shown in Table I, the overlapping effect 
shifts the band positions of C 684 and C673 to 690 and 670 mu. The 
changes between 650 and 550 my show the complication of the over- 
lapping of the decrease of the second and third bands of C 684 and the 
increase of the bands of C673. With the aid of Table IH, we can find 
the positive and negative bands corresponding to the second and the 
third bands of C 684 and C673. 

In the Soret region, there are two positive and two negative bands. 
The negative band at 458 my and the positive band at 440 my is likely 
due to the decrease of C684 and the increase of C673, respectively. 
It is not clear whether the other bands at 480 and 414 my are related 
to C 684 and C 673 or not. Since illumination may shift the equilibrium 
states of other compounds than the chlorophylls in etiolated leaves, the 
bands at 414 and 480 mu may have arisen from other substances. 

The change after 60 minutes is shown in curve D in Fig. 10, which 
is the difference spectrum between 60 and 220 minutes in the dark after 
illumination. In the red region, we can see the formation of proto- 
chlorophyll a at 650 mw, the reduction of C673 at 670m and the 
formation of C677 at 690 mu. The slight difference of these maxima 
from the corresponding values obtained before can be accounted for by 
the overlapping effect in difference spectrum. The greatest increase 
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in the Soret region appears at 455 my. The formation of protochlor- 
phyll a is shown only as a shoulder near 445 mu. The band at 495 mu 
is probably due to C677. 


5. Effect of a Second Mlumination 


The above sample kept in the dark for 220 minutes was reilluminated 
in the same way as before (1000 foot-candles, | minute). The difference 
between the spectra before and after the illumination is shown in curve 
E in Fig. 10. For comparison, the difference spectrum (curve A) in 
the Soret region due to the first illumination is reproduced in the same 
figure. There is a striking difference between the spectra of the first 
and second illuminations especially in the Soret region. Instead of 
the main decrease of the protochlorophyll a band at 445 my found after 
the first illumination, a band at 455 mw decreased on the second illumi- 
nation. The decrease of the 445 my protochlorophyll a band appeared 
only as a shoulder. A further interesting feature of the change is that 
curve E looks like the mirror image of curve D with a mirror at a certain 
horizontal level in the Soret region. This indicates that the substances 
produced by the third step are reduced by the second illumination. 
This suggests the possibility that there may be corresponding differences 
also in the red region. In order to see these changes in the red, the 
difference spectra of the first and second illuminations were calculated 
from the spectra shown in Figs. 6 and 7, which were observed on the 
same young leaves using the expanded wavelength scale in the red region. 
The results are shown in Fig. 11, where the scale for these curves is indi- 
cated on the left side of the figure. Curves A and B are the difference 
spectra before and after the first and second illumination, respectively. 
Curve A has a positive band at 684 my, while curve B has it at 687 my. 
This difference can not be accounted for by the overlapping effect, since 
we have relatively the same decrease of the band at 650 my. In order 
to see the difference between these curves more distinctly, curve C was 
calculated by subtracting curve A from curve B. The scale for curve 
C is indicated on the right side of the figure. Curve C has a positive 
band at 643 my and a sharp negative band at 679 my. The problem 
is whether this curve represents the difference only between the amounts 
of protochlorophyll transformed on the first and second illuminations, 
or whether additional processes are superposed on the transformation 
of protochlorophyll a. Actually, the positive band on curve C is too 
round to be a band of protochlorophyll a. The position is also different 
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from 650 mu. 
To make sure that curve C does not indicate the excess amount of 
§protochlorophyll @ transformed, the following test was made. Before 
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Fic. 11. Differences between the effects of the first and the second 
illuminations in the spectra in Figs. 6 and 7. Curve A, difference 
spectrum caused by the first illumination (curve B minus curve A in 
Fig. 6): Curve B, difference spectrum caused by the second illumi- 
nation after 100 minutes in the dark following first illumination (curve 
H minus curve G in Fig. 7): Curve C, curve B minus curve A in this 
figure. 


subtracting curve A from curve B, the absorbance of curve A was multi- 
plied by an arbitrary constant, in order to check the possibility that the 
subtracted curve could be a straight horizontal line. ‘Trials with several 
constants showed that the smoothest and most reasonable curve was 
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obtained without any factor or with the constant, unity. Once a con- 
stant is multiplied into curve A, a sharp negative or positive peak ap- 
pears at 650 my, being superposed on the round positive peak of curve 
C. As further evidence, curve A was subtracted from the difference 
spectrum of the second illumination of a different sample with no factor 
multiplied into curve A. In this case, a sharp peak of protochlorophyll a 
was observed on the subtracted curve. 

These calculations confirmed the conclusion that curve C does not 
indicate a difference of the amount of protochlorophyll a transformed, 
but rather that curve C represents another process caused by the second 
illumination in addition to protochlorophyll transformation. Further- 
more, the amounts of protochlorophyll a transformed by both illumi- 
nations are the same. Since the sample consisted of the same leaves 
for both illuminations and it was kept in the dark until the formation 
of protochlorophyll a stopped, it is quite reasonable to have the same 
amount of protochlorophyll a@ before these illuminations. Probably, 
there is a limited reservoir for protochlorophyll a, which is filled in the 
dark after an adequate time lapse. 

We know now that a compound, which has an absorption band 
near 679 mu, is decreased by the second illumination as well as the 
decrease of protochlorophyll a. We also know that this compound has 
a Soret band at 455 my and is accumulated in the third step. Therefore, 
it is almost certain that it is C677, if we admit the slight difference of 
the absorption maximum, being due to an overlapping effect. 

It is worth while to point out two important properties of C 677. 
This C677 is responsible for the absorption maximum at 676-678 my 
in green leaves, and furthermore it is capable of being decreased photo- 
chemically. This implies that C677 may itself undergo a chemical 
change in the photochemical step of photosynthesis. The participation 
of C677 to photosynthesis is stressed by the recent observations of 
Coleman, Holt and Rabinowitch (/7). They observed a change 
of absorption in the red region of the spectrum caused by illumination 
of a Cholorella suspension. ‘Their difference spectrum showed a negative 
band at 680 my. They think that it corresponds to the reversible re- 
duction of chlorophyll @ in witro observed by Krasnovskii (18) and 
Evstigneev and Gavrilove (19), and also corresponds to ioni- 
zation of enolized chlorophyll investigated by Weller (20). The po- 
sition of the maximum is very close to the maximum of C 677, although 
the change in height in our case is greater by a factor of 100 than the 
change they observed. If these two phonomena are the same, then more 
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illumination experiments with slightly greened etiolated samples may 
well be the key to solve the photochemical step of photosynthesis, because 
a much greater change is observable in slightly greened leaves than in 
mature plants. 

Secondly, the behavior of C677 may support the proposal of 
Virgin (21). According to his results and separate experiments by 
Tolbert and Gailey (J7), the production rate of chlorophyll a is 
greatly enhanced after about two hours’ illumination of etiolated leaves. 
According to Smith (22, 23) it is about the same time when oxygen 
evolution by illuminated etiolated leaves is greatly enhanced. The 
existence of the different phase is also supported by the observation of 
radioactive CO, fixation by illuminated etiolated leaves by Tolbert 
and Gailey (24). Virgin (2/) proposed that the mechanism of 
chlorophyll formation is different during the rapid production phase 
from the mechanism at the beginning. As is clear from our experiment, 
two hours are required for the formation of an appreciable amount of 
C677. It may be that C677 may play a role in the formation of 
chlorophyll a in the rapid production phase that Virgin has found. 

If chlorophyll a is formed by a different mechanism in the rapid 
production phase, the question arises as to whether the formation of 
chlorophyll a is being carried out in this phase through protochloro- 
phyll a. As was mentioned before, protochlorophyll a is reformed even 
after the second illumination. But, the conditions of preillumination 
followed by a second illumination after a dark period are not natural 
and the reformation of protochlorophyll a@ could be a minor process as 
compared with the other processes, if the formation of chlorophyll a 
is not formed through protochlorophyll a in the rapid phase. 

In order to solve this problem, an experiment was carried out with 
two etiolated bean leaves, which were kept under room light of about 
10 foot-candles for two hours. The leaves illuminated in this way were 
placed in the spectrophotometer, and the change of the spectrum was 
followed in the dark. Curves A, B and C in Fig. 12 show the change 
of the spectrum between 0-15, 0-30 and 0-60 minutes in the dark after 
illumination. The formation of protochlorophyll a starts just after the 
illumination and the rate is very rapid, especially at the beginning. 
Another similar experiment with room light of 100 foot-candles also 
showed the same rapid production of protochlorophyll a immediately 
after the illumination, although in this case the increase in absorption 
over the whole red region prevented the quantitative evaluation of the 
rate. This over-all increase may have been due to an increase of scat- 
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tering. In the spectra in Fig. 12, the second step is observed as the 
shift of a band from 683 to 680 mu. There is a hump around 710 muy. 
In this stage of the experiment, the role of this band is not clear. It 
is very likely, however, that this small band corresponds to the ad- 
ditional negative band beyond 700 my in the difference spectrum of 
Coleman et al. (17). 

Nevertheless, the above experiment demonstrates that the refor- 
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Fic. 12. The formation of protochlorophyll a in leaves kept for 
two hours under room light of 10 foot-candles, then darkned. Curve 
A, the spectrum (2 hours room light +15 minutes dark) minus the 
spectrum (2 hours room light +0 minute dark): Curve B, the spectrum 
(2 hours room light +30 minutes dark) minus the spectrum (2 hours 
room light +0 minute dark): Curve C, the spectrum (2 hours room light 
+60 minutes dark) minus the spectrum (2 hours room light +0 minute 
dark). 


mation of protochlorophyll starts at a rapid rate at the beginning of 
darkness after two hours’ illumination. This fact confirmed that chloro- 
phyll a could be formed through protochlorophyll a in the rapid phase, 
even if the mechanism is different. 


6. Changes of the Spectra caused by Illumination 
with Monochromatic Light 


The changes of the spectra of etiolated leaves by white light are 
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naturally occurring processes. As was shown so far, they are rather 
complicated. With the hope of being able to separate or identify some 
of the processes more clearly, the monochromatic light of 650 mu was 
used for the illumination of the samples. Red light of 650 my is the 
light which is mainly absorbed by protochlorophyll a. Similar ex- 
periments with this red light did not give us any apparently different 
results from that by white light. All phenomena observed after white 
light occurred in a similar way in the changes of the spectrum in the 
dark after the illumination by red light. Therefore, it is certain that 
the main dark processes effected by white light are caused by the ab- 
sorption of light by protochlorophyll a. The fact that only the pro- 
tochlorophyll a band appeared in the action spectrum by Koski et al. 
(9) agrees with this result. 


CONCLUSIONS 


It was found in this study that the transformation of protochloro- 
phyll a into chlorophyll a is not a simple process. The process can be 
summarized in the following way. 


Precursor of 
protochlorophyll a 
dark | preparatory step 


Y 
Protochlorophyll a, P 650 


: first step 
oe | (first and second illumination) 


C 684 
dark | second step 
C 673 


dark | third step 
y 


Unknown dark 
compound third step 


light | second illumination 


Unknown 
compound 


Once etiolated leaves are illuminated, many processes are initiated. 
The process proceeds in a series of reactions. In the second illumination, 
the photochemical transformation of C677 initiates another series of 
reactions, although we only know the first step. In this study, only the 
changes of colored compounds were followed, and some of the steps 
found could be the superposition of several steps. More thorough 
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studies by the spectroscopic method combined with chemical investi- 
gation will unravel the complex process, which perhaps includes the 
initial steps of photosynthesis. 

At any rate, this study has clearified the controversy on the shifting 
of the band formed from protochlorophyll a after illumination, and also 
showed that the preparation obtained by Smith é¢ al. (3) is protochloro- 
phyll a holochrome in his sense. The correlation with continued studies 
in vitro on the steps defined here in vivo will add much to the final solu- 
tion on the mechanisms of chlorophyll formation. 


The plants used for this study were grown by Drs. J.H.C. Smith and D. W. 
Kupke. The author wishes to express his hearty thanks for their kindness in sup- 
plying the experimental materials for this investigation and also for their guidance 
and valuable discussions. The optical instruments for the illumination of the samples 
were bult by Dr. C.S. French, whom the author wishes to thank for his constant 


advice and encouragement during this research. 
SUMMARY 


1. It has been found possible to record clearly and on a large 
scale the absorption spectrum of protochlorophyll and its photochemical 
transformation products in living etiolated leaves. By this method, the 
kinetics of chlorophyll formation have been investigated in vivo. 

2. Protochlorophyll a, which can be transformed by light to 
chlorophyll a, has its red absorption peak at 650 my. There is also 
present a form of protochlorophyll a with a peak at 636 my, which is 
inactive. ‘These substances, differing from each other in vivo have been 
designated as P 650 and P 636. 

3. It was found that the immediate product of illumination of 
an etiolated leaf has its red absorption peak at 684 my. This purely 
photochemical effect has been designated as step one and the product 
formed has been called C 684. 

4. The second step, a dark reaction, transforms the photochemical 
product, C 684, to one that has its peak at about 673 mu, called C 673. 
This reaction is nearly completed in about 10-20 minutes. 

5. The third step, also a dark reaction but slower than the second 
step, changes C 673 to a substance with a peak at about 677 my, which 
is characteristic of chlorophyll @ in living mature leaves under natural 
conditions. In this period, the formation of protochlorophyll a can be 
observed. 

6. Leaves containing C 684 or C 673 when extracted give spectra 
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in ether identical to ordinary chlorophyll a, C 677. 


(1) 


(24) 
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TRANSAMINASES IN A HALOPHILIC BACTERIUM 
NO. 101 
II. PHENYLALANINE-GLUTAMIC ACID TRANSAMINASE 


By ISAMU SHIIO 
(From the Institute of Applied Microbiology, University of Tokyo, Tokyo) 
(Received for publication, October 24, 1956) 


In the previous report (J) the author described that clear cell-free 
extracts of a halophilic Pseudomonas strain No. 101 showed strong pheny]l- 
alanine- and aspartic acid—«-ketoglutaric acid transaminase activities. 
On the basis of different behaviors during the heat-treatment of the 
enzyme extracts and during the growth of the cells it was suggested that 
these two activities would be ascribed to two different enzymes. In 
the present paper the author reports on some of the further results ob- 
tained with phenylalanine-glutamic acid transaminase, regarding zone- 
electrophoretic fractionations, balance of the reaction, and the equilibri- 
um constant. 


METHODS 


Preparation of Cell-free Extracts—Walophilic Pseudomonas strain No. 101 was grown 
on a shaker at 30° in 500 ml. flasks containing 100 ml. of medium composed of Ajino- 
moto’s ‘‘ Mieki’’ (amino acids containing solution prepared from the soybean meal 
HCI- hydrolysats, 20 g.-N/1), 10 per cent; NaCl, 10 per cent, at pH 7.2. After 48 
hours the cells were harvested by centrifugation and washed twice with 10 per cent 
saline. Extracts were prepared by treating a thick paste of cells with distilled water. 
The clear supernatant solution obtained by centrifugation of the water-lysed material 
at 20,000 g. for 30 minutes was used as the source of the enzyme. Such extracts 
contained 0.2 to 1.2 mg. of nitrogen per ml. 

Test for Transaminase Activity—For testing transaminase activity, reaction mixtures 
usually contained 0.2 ml. of enzyme, 50 yg of pyridoxal phosphate, 50 wm of L-amino 
acid, and 30 uM of a-keto acid in a final volume of | ml. of 0.1 M phosphate buffer at 
pH 7.0. The mixtures were incubated in stoppered tubes at 37° for desired periods 
of time. Variations in this procedure are given in case of need. 

Paper Chromatographic Estimation of Glutamic Acid, Phenylalanine, a-Ketoglutaric Acid, 
and Phenylpyruvic Acid—The method used by us includes modifications of other published 
methods (2, 3, 4). The reaction was stopped by the addition of 0.1 ml. of 95 per cent 
formic acid, and 0.01 ml. of the reaction mixture was spotted on Toyo No. 51 filter 
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paper sheets of approximately 40x40 cm. After drying, the paper was transferred to 
a chamber containing 200 ml. of water-saturated n-butanol-formic acid (95:5) and 
the solvent allowed to ascend at room temperature until it had moved about 18 cm. 
For determining «-ketoglutaric acid and phenylpyruvic acid, the papers were then 
sprayed heavily with the semicarbazide reagent (0.1 per cent semicarbazide in 0.15 
per cent sodium acetate solution). After drying, the paper were examined under 
ultraviolet light. The semicarbazones appeared as dark shadows against the light 
background due to the faint fluorescence of the paper. For the quantitative determi- 
nation of the keto acids present, rectangular sections containing the semicarbazones 
under examination were cut out and placed in the test-tubes after being dissected into 
pieces. The size of the sections was the same for all samples and filter paper blanks. 
For the colorimetric determination, 0.5 ml. of the 2,4-dinitrophenylhydrazine solution 
(0.025 per cent solution of the reagent in M/2 HCl) was added to each tube, followed 
by 5 ml. of 10 per cent KOH after 20 minutes at 37°. The tubes were then shaken 
gently for 10 minutes to permit extraction of the hydrazones which had been formed 
within the paper itself. Readings of the intensity of color were made against a filter 
paper-reagent blank at 435 mp. 

For determining glutamic acid and phenylalanine, chromatograms were developed 
by spraying lightly 0.1 per cent ninhydrin in butanol saturated with water and they 
were dried in an oven at 100° for 5 minutes. The colored spots of amino acids were 
cut into small squares and placed in the test tubes. After removing NH, by the ad- 
dition of 0.5 ml. of 0.1 N NaOH and evacuation, one ml. of ninhydrin reagent (2 
per cent ninhydrin and 0.3 per cent hydrindantin in methyl cellosolve-4 N sodium 
acetate buffer (3:1), pH 5.5) were added to each tube, and the tubes were then heated 
in a covered boiling water bath for 15 minutes. After cooling, the contents of the 
tubes were filled up to 10 ml. with m-propanol-water (1:1) and the color intensity was 
read on a spectrophotometer at 570 my with a blank prepared from filter paper con- 
taining no amino acid. 

Enzymatic Method for Determining L-Glutamic Acid—-Glutamic acid was determined 
by the slightly modified manometric method of Umbreit and Gunsalus (5). The 
reaction was stopped by placing the tube in boiling water for 5 minutes, the pH was 
adjusted to 4.8, and | ml. thereof was transferred to the main cup of a Warburg vessel 
containing | ml. of 0.2 M acetate buffer, pH 4.8. Three tenth ml. of a 30 mg./ml. 
suspension of dried cells of E. coli ‘‘ Crookes ” strain containing the specific decarboxy- 
lase was added to the side arm. After 10 minutes equilibration at 30°, the contents 
of the side arm were tipped in and the evolution of CO, was followed until the de- 
carboxylation was completed. 

Kone Electrophoresis—Zone electrophoresis was carried out with potato starch as 
the supporting medium in an apparatus similar to that of Kunkel and Slater (6). 
The commercial potato starch was washed thrice with three times its volume of 0.05 N 
NaOH. The alkali was removed by washing with water, which was followed by 
several washings with the buffer solutions to be employed. Starch for the solidification 
of input material was obtained by drying starch following the water wash. The runs 
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were made at 0° in buffer of M/20 concentration. The crude enzyme solution in 1.5 
mi. of buffer corresponding to 1 mg. N was introduced into a 1 cm. slit cut crosswise 
in a 4021 cm. block of the starch. ‘Che strip of the block was then cut crosswise 
into sections 2-3 cm. wide, each of which was extracted with 1-1.5 ml. of distilled 
water. Finally, analyses for protein and measurement of activity were made on suita- 
ble aliquots of the extracts. Protein was determined by the modified method of 
Folin. 


RESULTS 


Results obtained with the cell free extracts, when these were sub- 
jected to electrophoresis in Tris buffer at pH 8.4 for 7.5 hours at 320 
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Fic. 1. Distribution of protein (-:---- ), phenylalanine- (-x-x-) 
and aspartic acid- transaminase activities (-O-O-) in starch zone 
electrophoresis of crude transaminase preparation at pH 8.4 (1/20 


Tris buffer) for 7.5 hours at 320 volts. 


volts, are presented in Fig. | in which are plotted the relative value of 
enzyme activities and protein concentration of eluate as a function of 
the distance from the starting trench. The pattern of distribution of 
enzyme activity indicates the presence of at least two distinct enzyme 
components, one of which was completely separated from the others. 
Further electrophoretic studies showed that the resolution of the com- 
ponents was not improved when tested in phosphate buffers at pH 6.2. 
The specific activities and activity ratios of the eluates in the peak regions 
are given in Table I. These values are to be compared with the ratio 
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Specific Transaminase Actwity and Activity Ratio of Some Fractions 
in Starch Zone Electrophoretic Separation* 
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Distribution of protein (------ ), phenylalanine- (-O-O-) 
and aspartic acid- transaminase activities (-O-O-) in starch zone 
electrophoresis of crude transaminase preparation at pH 6.2 (M/20 
phosphate buffer) for 8 hours at 320 volts. 


TABLE I[ 


Transaminase 


Conditi ; Position of ae = ag (Qty) Activity 

Dee alicaction ts oun, : ; ; ratio 
electrophoresis i re Aspartic acid Phenylalanine 

rom origin (A) (P) (A)/(P) 

pH 8.4 Tris 4 536 392 35) 
buffer, 320 v. 10 63 270 0.23 
7.5 hrs. 
pH6.2 phosphate| 12 300 LD. 0.58 
buffer, 320 v. 14 1,170 2,120 0.55 
8 hrs. 16 Bey 9 667 0.80 


* Reaction mixture contained 0.20 ml. of enzyme, 30 ym of a-ketoglutaric 
acid, 50 wm of L-amino acid as indicated, and 50 wg. of crude pyridoxal 
phosphate in a final volume of 1.0 ml. of 0.1 7 phosphate buffer at pH 


7.0. 


Incubated 3-4 hours at 37°. 


calculated from Folin-optical density and experimental factor. 
x 0.236 mg. N/ml.) 


N content of enzyme fractiones was 


(N=O.D. 
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between aspartic acid- and phenylalanine—«-ketoglutaric acid trans- 
amunase activity of the input material: 0.56. 

Transamination Balance—Table II shows the results of studies on 
transamination balances. The enzyme used was crude cell-free extracts 
similar to the one described above. In the reaction between L-phenyl- 
alanine and «-ketoglutaric acid, 1 wm of each of the substrates disappeared 
while 1 wm of each of the products, glutamic acid and phenylpyruvic 
acid, was formed. 


TABLE II 
Transamination Balance* 
— —= = - ———————— a = = = = a 
ff Phenylalanine | a-ketoglutaric | Glutamic acid ews 
Substrate 8 e um/ml. acid «m/ml. am/ml. “ania 

Zé found change | found change | found change Poca change 

Ohr.| 24.6 0.0 | 29.2 0041 00 0.0 0.0 1.0 

Phenylalanine) = 27 7 19:6) "= "5.0N 24.0)" = 5:2 4.2 BD. 4 4.1 

| 

a-ketoglutaric 4 17.2 — 74! 21.0 — 8.2 7.5 des 6.3 6.3 
acid 8 15:5) ga ON 19:3 sa eee OP mee Ol 8.1 8.1 

14 14 1055 1S 107) 10:5" 105 10.2 10.2 


0 0.0 0.0; 0.0 LOS 23:3 0.0 19.4 0.0 
Glutamic acid] 2 Wat 2.4 3:2 Bale 2d) 2.3 15.8 — 3.6 
4 3.7 Sih || eee Beis INS HS) ee) Wah 2) BI) 
8 6.4 6.4 edt 7.7 | 16.8 —7.0 113 — 8.1 
14 9.8 hss IOEZ WORN Seay RS} 9.1 —10.3 


+ 
phenylpyruvic 
acid 


* Reaction mixtures consisted of 0.2 ml. of enzyme (0.19mg. N/ml.), 
50 wg. of crude pyridoxal phosphate, and substrates as given in the table 
in a final volume of 1.0 ml. of 0.1 M phosphate buffer at pH 7.0. Incubated 


atid oe 


A similar balance was obtained when the reverse reaction was 
studied. These data provide evidence that these are true transamina- 
tion reactions. 

If the reactions were initiated from both side of equilibrium point, 
the value, (a-ketoglutarate) (L-phenylalanine) /(phenylpyruvate (L-gluta- 
mate), should increase or decrease to the same equilibrium constant. 
As can be seen from column 6 of Table III, the equilibrium constant for 


the glutamate-phenylalanine reaction : 


180 I. SHIIO 
TasLe III 
Determination of Equilibrium Constant at 37° and pH 7.0* 

§ | a-Ketoglutaric | Phenylpyruvic | Glutamic acid | Phenylalanine (KG) (Phe) 
Oy | acid (KG), acid (Ppv), (Glu), (Phe), Pov) (Gia) 
Ba: um/ml. (eM/ml. co/ml. jem/mol. GSI) 

0 0.0 37.1 DO 0.0 0.0 

20 16.9 ING) WA 16.2 0.928 

0 20.9 139) 16.3 14.2 oaiil 

5 IS 13.0 16.3 14.2 1.49 

0 38.3 0.0 0.0 30.0 co 

i0 22.3 15.0 14.9 L4ae7 1.47 


* Conditiones were similar to that of above table II. 


(a-ketoglutarate) (L-phenylalanine) 
(L-glutamate) (phenylpyruvate) 


Kes 
was found to be approximately 1.5 at pH 7.0 and at 37°. 


DISCUSSION 


In the previous paper it was suggested that the strong phenylalanine- 
and aspartic acid—«-ketoglutaric acid transaminase activities of this 
bacterium would be ascribed to two different enzymes from the different 
behaviors during the heat-treatment of the enzyme extracts and during 
the growth of the cells. This concept was further confirmed by the 
present studies on the two transaminase activities of fractions obtained 
by zone electrophoresis. 

A recent determination by Krebs (7) of the equilibrium con- 
stants gave a value of 1.52 at pH 7.4 and 25° for the glutamate-alanine 
reaction. The present determination of the equilibrium constant gave 
a value of 1.5 at pH 7.0 and 37° for the glutamate-phenylalanine reaction. 
Therefore, this result indicates that the introduction of phenyl group to 
f-position of alanine does not affect the free energy change in the trans- 
amination reaction. 

It appeared possible that the phenylalanine—glutamic acid trans- 
aminase of this bacterium can be utilized for the preparation of L- 
phenylalanine from phenylpyruvic acid. Actually, crystalline 1-phenyl- 
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alanine hydrochloride was obtained by a modified method of Partrid fe 
(8) from the reaction mixtures with 92 per cent yield. The detailed 
procedures and results on this point will be published elsewhere. 


SUMMARY 


Zone electrophoresis of the crude transaminase preparation, which 
is almost specific to aspartic acid and phenylalanine as amino donors, 
has indicated the multiple nature of the enzyme system. 

From balance studies of the reactants and demonstration of the 
reverse reaction, it was confirmed that phenylalanine-glutamate reaction 
catalysed by cell-free extracts of halophilic Pseudomonas strain No. 101 
was a true transamination reaction. 

The equilibrium constant for the glutamate-phenylalanine reaction 
was found to be approximately 1.5 at pH 7.0 and 37°. 


The author is indebted to Prof. S. Akabori for the helpful criticism and en- 
couragement during the course of this work, to Prof. F. Egami of the Nagoya Uni- 
versity, for the gift of the bacterial strain, to Mr. H. Mitsui and Miss. T. Wada for 
the helpful advices concerning zone electrophoretic and paper chromatographic tech- 
niques respectively, and to Mr. M. Shiroishi of the Food Research Institute, the 
Department of Agriculture and Forestry, and Mr. S. Sakurai of the Osaka Uni-. 
versity for the gift of pyridoxal phosphate and phenylpyruvic acid respectively. 


REFERENCES 


) Shiio, I., Maruo, B., and Akabori, S., 7. Biochem, 43, 779 (1956) 
2) Umbarger, H. E., and Magasanik, B., 7. Ame. Chem. Soc., 74, 4253 (1952) 
) Moore, S., and Stein, W., 7. Biol. Chem., 211, 907 (1954) 
) Wada, T., 7. Agr. Chem. Soc. Japan, 30, 229 (1956) 
5) Umbreit, W. W., and Gunsalus, I. C., 7. Biol. Chem., 159, 333 (1945) 

) Kunkel, H.G., and Slater, R.J., Proc. Soc. Exp. Biol. and Med., 80, 42 (1952) 
7) Krebs, H. A., Biochem. J., 54, 82 (1953) 

) Partridge, S.M., Biochem. 7., 44, 521 (1949) 


Lae wath ee ae r viet 


: id heeds G 
| Balai os 
2 rd 


, = ACen 


The Journal ot Biechemistry, Vol. 44, No. 3, 1957 


A NEW MICRODETERMINATION OF THE TOTAL 
OUANTITY OF CYSTEINE PLUS CYSTINE IN 
PROTEIN BY HYDRAZINOLYSIS 


By KAZUOKI KURATOMI*+, KO OHNO* 
AND SHIRO AKABORI* 


(*From the Laboratory of Biochemistry, Faculty of Science, Osaka University 
Osaka, and + from the Laboratory of Biochemistry, School of 
Medicine, Funtendo University, Tokyo) 


(Received for publication, October 27, 1956) 


A review of the literature indicated a number of methods for the 
estimation of cystine or cysteine in protein, amperometric (1), phospho- 
tungstic acid (2) and sulfonic acid methods (3) etc. with denaturants 
of protein or reducing reagents of cystine, but none appeared entirely 
satisfactory for the determination of the total quantity of cystine plus 
cysteine because of its complicated procedures and intricate reactions 
between reagents and protein. 

In this paper we describe a new simplified and cystine- and cysteine- 
specific method of determination by applying hydrazinolysis which was 
originated by S. Akabori and K. Ohno (4, 35). 

Both cystine and cysteine undergo reductive decomposition with 
hydrazine at 120°, giving rise to hydrogen sulfide specifically and quanti- 
tatively. It was confirmed that from methionine and taurine no hy- 
drogen sulfide was produced by hydrazinolysis in the same conditions. 
The possible reactions are given as follows : 


Cystine+hydrazine>2H,S-+NH,+N.-+unknown substance 


Hydrogen sulfide produced is determined by colorimetric method 
utilizing Caro’s reaction (6, 7) in which methylene blue is formed. 


EXPERIMENTAL 


Reagents 


Purified Hydrazine Hydrate—Distilled and dehydrated hydrazine with calcium oxide 
(8) is added with equi-molar distilled water and kept in sealed tubes in 0.5 ml. portions. 

Zine Acetate Solution—60 g. of zinc acetate, 17 g. of sodium acetate and 0.05 g. 
of sodium chloride is dissolved in distilled water and diluted to | liter. 
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Ferric Ammonium Sulfate Solution—31 g. of ferric ammonium sulfate is dissolved in 
distilled water and 6.3 ml. of concentrated sulfuric acid is added. The volume of 
solution is made to 250 ml. with water. 

Dimethyl-p-phenylenediamine Hydrochloride Solution—0.5 g. in 1 liter water solution 


Gum stopper covered 
with tin foil 


Delivery glass tube (B ) 
170mm. 


Ground —_———___») 


Oil bath te 


Fic. 1. Apparatus for hydrazinolysis. 


5.0ml. of Zn(CH3CO0)2 


solution 


Hydrazine hydrate + Protein 


Solution containing 
HoS 


5.0ml. of Zn(CH3C00)o. 


Perforated 


Fic. 2. Apparatus for the formation of zinc sulfide from hydrogen 
sulfide produced by hydrazinolysis. 


containing 200 ml. of concentrated sulfuric acid. 

6N Sulfuric Acid. 

25.0 «2 moles (6.00 mg.) of L-Cystine as Standard Material. (Corresponding to 50.0 
jc moles of hydrogen sulfide). 
Preparation of calibration curve of hydrogen sulfide. 
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The calibration curve for hydrogen sulfide was prepared according to the method 
described by L. H. Almy (7) applying iodometry and using hydrogen sulfide solution 
as standard, but now it can be done by our method employing u-cystine as standard. 

A protein sample containing about 10 to 50 «moles of cystine plus cysteine is 
placed in the apparatus (A) (Fig. 1). 0.5 ml. of hydrazine hydrate is added, and then 
equipping condensor and delivery glass tube (B), (A) is heated at 115 to 120°. After 
five to seven hours (the time of heating can be shortened by decreasing the quantity of 
protein), (A) is cooled with cold water and the condensor is washed down with 2 or 
3 ml. of distilled cold water, and then content of (A) is removed to volumetric flask, 
being diluted so that 4 or 5 ml. of the diluted solution contains | to 3 uw moles hydrogen 
sulfide. 4.0 or 5.0 ml. of the solution is removed into test tube (C) of the apparatus 
(Fig. 2). After sealing (C) with gum stopper (F) tightly, 10 ml. of 6 N sulfuric acid 
is runned into (C) from funnel (E), the flow being stopped in time to prevent the last 4 
few drops from leaving the bulb. Nitrogen gas is passed through for 30 minutes® 
from gas holder or bomb at rate of flow 1.2 to 1.5 liter per thirty minutes. It is neces- 
sary to heat (C) in a water bath at 50° to 55° to drive out hydrogen sulfide completely, 
which is absorbed with 5.0 ml. of zinc acetate solution placed in the test tube (D). 
After aeration the glass tube (G) connected to delivery tube with rubber tubing is 
taken away and put into zinc acetate solution. 

5.0 ml. of dimethyl-p-phenylenediamine solution and 1.0 ml. of ferric ammonium 
sulfate solution is rapidly pipetted into the zinc acetate solution in this order, which 
is gently agitated after each addition closing with rubber stopper tightly. The colored 
solution is sometimes stirred by shaking the test tube. 

After one hour, the colored solution is diluted five- or tenfold with distilled water 
and estimated by a photoelectric colorimeter with 10 mm. cuvette and filter of 630 mu. 
which shows maximal light absorption. 


RESULTS 


The blank test using hydrazine hydrate solution did not color the 
zinc acetate solution and gave no differences between hydrazine hydrate 
and distilled water as sample for blank when the colored solution was 
diluted to tenfold. Zinc acetate solution placed in the test tube (H) 
was not colored by Caro’s reaction. This fact shows that hydrogen 
sulfide is retained in hydrazine hydrate solution even at 120° for seven 
hours. 

L-Cysteine and L-Cystine—Six examples are given in Table I. The 
calculations are based on the reactions described above. It is noticeable 
that the quantities of hydrogen sulfide produced from L-cystine or L- 
cysteine are agreed with the values calibrated from the standard curve 
which is prepared from the solution of hydrogen sulfide by iodometry, 
that is, 1 mole of L-cystine produces 2 moles of hydrogen sulfide and 
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1 mole of L-cysteine produces 1 mole of hydrogen sulfide. 
L-Methionine—This substance contains sulfur, but it does not pro- 
duce hydrogen sulfide with hydrazine hydrate. Though t-methionine 


TABLE I 


Determination of L-Cystine and L-Cysteine 


Calculated Experimental 


L-Cystine* L-Cysteine* H.S producible | H,S estimated Error 
tt moles {t moles te moles % 

24.7 49.4 50.0 +1 
24.7 49.4 48.9 —1 
275) 25.0 24.6 —2 
ASE, 51.0 250 +3 
nee! 24.3 23.9 ay 

22.6 22.6 22 —2 


* Heated for 5 to 7 hours. 


TaBLe II 
Interference of L-Methionine and Other Amino Acids in Recovery 


H.S produced | Recovery 


(1) 1-Methionine 50 st moles none 


(2) 1-Cystine 25.2 «1 moles+.-Methionine 50 (1 moles 49.4 «1 moles 98 % 


(3) 1-Cystine 26.4 (1 moles+.-Methionine 49 1 moles 
+*Hydroxy-u-Proline+L*-Tyrosine 
+%,-Lysine +1*-Proline 53.0 100 
+*pxi-Tryptophane + L*-Histidine 
+*%z-Arginine +1L*-Phenylalanine 


* 2 or 3mg. of each amino acid was added. 
(1), (2), (3)—heated for 7 hours at 115° to 120°. 


and amino acids were added, the recovery of hydrogen sulfide produced . 
from L-cystine was quite satisfactory (Table II). Those results make 
our methods possible to determine the hydrogen sulfide derived from 
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cystine and cysteine in protein. 

Determination of Cystine in Lysozyme—The lysozyme recrystallized four 
times and lyophilized was thoroughly dried by Abderhalden drying 
apparatus in the presence of phosphorus pentoxide at 78°. The hydrogen 
sulfide produced from 29.8 mg. of the dried lysozyme was equivalent to 
5 moles of cystine contained in one mole of lyzozyme assuming that 
molecular weight of lysozyme is 14,900 (Table III). 

The value of cystine is quite agreed with those which have been 
reported using phosphotungstic acid method (9) or calculations (10, 


Taste III 
Determination of Cystine in Lysozyme 
Lysozyme Castine estimated Cystine per 1 mole of lysozyme 
*2.00 2 moles 9.85 je umoles 4.93 moles 


*2.10 10.7 5.08 


* Heated for 5 to 7 hours. 


dees, IDV 


Determination of Half-cystine in Amylase (a-type) 
Prepared from ‘‘ Takadiastase Sankyo ”’ 


Ae Half-cystine Half-cystine Half-cystine 
na ae determined per 100g. of amylase per | mole of amylase 
J mg. t- moles g. moles 
37.5 1.46 2.33 10.5 
*37.5 1.42 227), 10.2 


* Heated for 6 to 8 hours. 


11). G.L. Mills (12) has reported somewhat larger value of 5.7 
moles by DNP method. 

Determination of the Total Quantity of Cystine plus Cysteine in Crystalline 
Amylase («-Type) Prepared from “‘ Taka-diastase Sankyo ’’—The protein re- 
crystallized three times and was dried as in the case of lysozyme. The 
values obtained do not consist with that which has been reported by 
Akabori et al. (13) by means of phosphotungstic acid method (Table 
IV). 

Crystalline Amylase (a-Type) Prepared from Bacillus subtalis—Cystine or 
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cysteine is not contained in the enzyme protein by our method. K. 
Sugae (J4) has reported that this enzyme protein has methionine as 
one of the constituent amino acids but not cystine or cysteine by cysteic 
acid method, etc. Accordingly, the fact that production of hydrogen 
sulfide is not found in decomposition of the enzyme protein proves 
hydrogen sulfide is not formed from methionine in protein. 

Determination of the Total Quantity of Cystine plus Cysteine in Ovalbumin 
Recrystallized—It was reported by R. Tristram (15, 16) that 2 moles 
of half-cystine and 5 moles of cysteine are contained in ovalbumin. 
7.46+0.09 moles of half-cystine was found in one mole of ovalbumin 
by our method (Table V) assuming that molecular weight of the pro- 
tein is 46,000. 

Comparison of Reductive and Decomposing Action of Anhydrous Hydrazine 
with That of Hydrazine Hydrate—The remarkable decrease of formation 


TABLE V 
Determination of Half-cystine in Ovalbumin 


: Half-cystine Half-cystine per Half-cystine 
OCIS determined 100 g. of ovalbumin | per | mole of ovalbumin 
mg. 2 moles g. mole 
51.8 8.50 OF Fe05) 
*25./ 4.13 193 Ue! 


* Heated for 5 to 7 hours. 


of hydrogen sulfide from lysozyme with anhydrous hydrazine was ob- 
served, while the difference between the two decomposing agents was 
not considerably found in the decomposition of L-cystine (Tables VI 
& VII. 

Commercial Hydrazine Hydrate—Commercial hydrazine hydrate of 80 
per cent concentration was used in the decomposition of lysozyme, and 
it was quite satisfactory to produce hydrogen sulfide quantitatively in 
the conditions described above. 

Comparison of Decomposing Action of Sodium Hydroxide with Hydrazine 
Hydrate—In our experiments 1.0 ml. of 6 N sodium hydroxide was used, 
but it could not completely decompose lysozyme to produce hydrogen 
sulfide quantitatively though we decreased the quantity of lysozyme 
to one-tenth (3 to 4mg.). A reductive agent would be required 
besides alkali solution. 
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Ammonium Sulfate and Taurine—Ammonium sulfate is used in the 
preparation of protein and taurine is a sulfonic acid existing in organism 
but hydrogen sulfide was not produced from those substances. 


TasLe VI 

Decomposition of Methionine and Cystine with Anhydrous Hydrazine 
t-Methionine (2 moles) 40 
L-Cystine (u moles) VEEN PES) || PE |) BE. 5x9) 
Anhydrous hydrazine (0.5 ml.) ae +f + + se 
Hydrazine hydrate* (0.5 ml.) | + 
Time of heating (hours) 5 2 5 2D 5 Des, 
Per cent estimated 0 47 98 52 97 64% 


* Compare with Table I. 


Tasre, VIL 
Decomposition of Lysozyme with Anhydrous Hydrazine 

Lysozyme (mg.) 31.2 29.8 30.2 
Cystine calculated (u moles) 10.5 10.0 10.1 
Anhydrous hydrazine (0.5 ml.) ++ ae 

Hydrazine hydrate (0.5 ml.) ar 
Time of heating (hours) 5 § 5 
Per cent of cystine estimated, calculated 

seconHne to the data described in Table BS 51 99 


SUMMARY 


A new method for the microdetermination of the total quantity of 
cystine plus cysteine in protein by hydrazinolysis was described. It 
was confirmed that hydrogen sulfide was produced specifically and 
quantitatively from cystine or cysteine. The total quantity of cystine 
plus cysteine in some proteins was determined. 
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LETTERS TO THE EDITORS 
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ON THE N-TERMINAL RESIDUES AND SEQUENCE 
OF CLUPEINE FROM CLUPEA PALLASII: 
THE OCCURRENCE OF PROLINE IN 
ADDITION TO ALANINE AS THE 
N-TERMINUS* 


Sirs : 

It was reported by some of the present authors that all our specimens 
of clupeine prepared from Clupea pallasii always have alanine as the 
N-terminal residue (/, 2), while clupeine from Clupea harengus was re- 
ported by European authors to have only proline. Further careful 
experiments on our less soluble clupeine (fractionated by making use of 
the solubility difference of its picrate) have now confirmed that not only 
alanine, but proline too occupy the terminal to various extents and that 
both the 2nd and the 3rd residues are occupied by arginine. The con- 
clusion has been derived from the following results. 

(1) DNP-Clupeine was digested with crystalline trypsin for 10 min., 
6 and 40 hours. The methanol! extracts of the dried digest were chromato- 
graphed on talc column. Free peptides were easily washed away with 
N-HCI while DNP-peptides were remained strongly adsorbed. Then 
the first eluate of: the DNP-peptides with EtOH-N-HCI (1 :4, v/v) was 
found to contain DNP-prolyl peptides which gave the same absorption 
in ultraviolet as DNP-proline in N-HC] (3) and yielded only proline (ca. 
1 mole/mole of DNP-group), dinitrophenol and arginine after their 
complete hydrolysis (6N-HCl, 110°, 24 hours). The proline and the 
dinitrophenol must have occurred from the DNP-proline at the terminal 
under the condition as indicated by a control experiment on DNP- 
proline. The second eluate with EtOH-N-HCl (4:1, v/v) contained 
DNP-alanyl peptides which yielded DNP-alanine and arginine on 
hydrolysis. In some cases, preceding talc chromatography, continuous 
paper electrophoresis was employed to separate DNP-peptides con- 
taining one molecule of arginine and two (estimated by the color values 
of Sakaguchi reaction per DNP-group). DNP-Pro-Arg, DNP-Ala- 


* A part of this paper was read by one of the authors (M. Y.) before the 
Symposium on Protein Structure, Tokyo, Nov. 4, 1955. 
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Arg, DNP-Pro-Arg-Arg and DNP-Ala-Arg-Arg were thus isolated. In 
each case, the content of proline at the N-terminal was estimated from 
the absorption at 375 my of the DNP-prolyl peptides. It was ca. 10 
per cent for a specimen of clupeine obtained in 1947 (at Mombetsu 
facing the Sea of Okhotsk, Hokkaido, Japan), while it was ca. 50 per cent 
for that obtained in 1951 (at Yoichi facing the Japan Sea, Hokkaido, 
Japan). 

(2) The ratio (designated as R) of an optical density at 390 my 
to that at 360 my has a characteristic value for absdrption curves of 
DNP-amino acids and -peptides (4). The values of R of DNP-alanine 


1.10 


0.80 


R ( Ratio of 0.D. at 390/360 mu) 


Se 
(=) 
a 
r=) 


0 10 20 30 40 50 60 70 80 90 100% 
— (DNPPro/DNP-Ala +DNP-Pro) 100 
Fic. 1. The relation between the composition of the mixture 
(DNP-Ala+DNP-Pro) and the ratio of optical densities at 390/360 
mye of absorption curves of the mixture. 


and DNP-alanyl peptide (Amax always at ca. 353 my) were ca. 0.55 in 
N-HCl, while those of DNP-proline and DNP-proly] peptide (Amax always 
at 375 my) ca. 1.02. From the measurement of absorption curves in 
N-HCl of the mixtures of DNP-alanine and DNP-proline in various 
proportions, the relation of the calculated values of R to the contents 
of DNP-proline was found to be linear (Fig. 1). According to the figure, 
a specimen of DNP-clupeine prepared from the material obtained in 
1947 (R=0.67) was calculated to contain ca. 25 per cent of DNP-proline 
as the N-terminal, whereas that in 1951 (R=0.83) ca. 60 per cent of . 
DNP-proline. DNP-Salmine, in contrast, has R value of ca. 1.02 and 
was confirmed to be a DNP-prolyl peptide. DNP-Pro-Arg and DNP- 
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Pro-Arg-Arg were isolated from the latter by method 1. 

(3) An ethereal extract from the acid hydrolysate (6 N-HCl, 
100°, 8 hours) of DNP-clupeine was passed through a bufferized celite 
column consisting of two layers (the upper was bufferized with 1 M- 
phosphate buffer of pH 5.4 and the lower with 0.4 M-one of pH 6.5) 
(5). DNP-Alanine and dinitrophenol separated in this way were 
estimated by making use of their absorption at 360 my in 4 per cent 
NaHCO; solution. When corrected for control experiments, 0.4 and 
0.45 mole of DNP-alanine and dinitrophenol, respectively, were obtained 
from 1 mole of DNP-clupeine (1951), while 0.7 mole of DNP-alanine 
(z.e. less than 0.3 mole of DNP-proline) from another specimen (1947). 
As the control, hydrolysis of DNP-alanine, DNP-alanine+clupeine, 
DNP-proline, and DNP-salmine was performed with recovery (for 
experiment of 8 hours-hydrolysis) of 98 (as DNP-alanine), 96 (DNP- 
alanine), 88 (dinitrophenol), and 69 per cent (dinitrophenol), respective- 
ly. DNP-Protamines used here were purified previously through a 
column of Amberlite IRC-50 (XE-64) and then with IRA-400 to be 
completely free from dinitrophenol. 


Although many reasons, such as the heterogeneity of clupeine 
molecules, mixed species of the material, or some changes in the material 
after the capture, may be considered to explain the above result on the 
N-terminal residues of the present specimens of clupeine, it is not clear 
which is the most probable case. Details will be fully reported later. 
When this manuscript has been finished, an interesting paper by Scanes 
and Tozer was published (6) which showed alanine as the N-terminus 
in addition to proline in a specimen of clupeine, though the species of 
its origin was not described. 
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